The effects of plant growth regulators on peppermint (Mentha piperita) cultured in vitro were studied for the purpose of maximizing growth and essential oil production in micropropagated plants. The basal medium was experimentally supplemented with the auxin 4-indol-3-ylbutyric acid (IBA) and the cytokinin 6-benzylaminopurine (BAP) individually and in combination. Supplementation with BAP alone resulted in the highest values for root length, root dry weight, shoot length, and numbers of nodes, leaves, and ramifications. Treatment with IBA alone or with IBA + BAP resulted in a ~50% increase in shoot fresh weight. The production of secondary metabolites was affected only by the addition of cytokinin, which resulted in a ~40% increase in the total yield of essential oils (EOs). Similar trends were observed for yields of the major EO components (menthone, menthol, pulegone, and menthofuran). Our findings demonstrate that the application of growth regulators increases EO production and biomass concomitantly in an herbaceous species rich in commercially valuable terpenes.
Introduction
Peppermint (Mentha piperita L.; family Labiatae) is an important and commonly used flavoring agent worldwide. Fresh or dried leaves of Mentha species are used as condiments, and the essential oils (EOs) of these plants are used as flavorings for foods and beverages, as fragrances, and as fungicides or insecticides in many pharmaceutical and industrial products [1, 2] . Menthol, a crystalline compound obtained from peppermint oil, has a pleasant flavor and aroma and a cooling anesthetic effect, and is used in confectionery, pharmaceutical, oral health care, cosmetic, tea, and tobacco products.
Every year, the aroma and fragrance industries account for sales of ~$18 billion and the international trade of EOs increases by ~10%. Many of the compounds used as fragrances and as flavoring agents are chemically synthesized from petroleum derivatives. Because hard metals are often used as catalysts in the synthetic processes, it is desirable to find more natural sources for these compounds [3] . EOs are the most important raw material in the fragrance and aroma industry. They are also used in the food and pharmaceutical industries because of their therapeutic antimicrobial and antioxidant activities. Some EOs have biological activities that make them useful as herbicides, pesticides, and anticancer compounds [4] . A common problem in the cultivation of aromatic plants is the quantitative and qualitative variability in plant responses to the environment [4, 5] . The productions of EOs does not depend solely on plant genetics or on the developmental stage. The environment and its changes significantly affect biochemical pathways and physiological processes in the plants and may consequently alter metabolism and EO biosynthesis [1] . To meet the demands of world markets and industrial requirements, it is important to maintain a constant production and quality of EOs, particularly in terms of their chemical composition [5] .
Plant tissue culture techniques in controlled laboratory environments provide an alternative to field agriculture for the production of economically important secondary metabolites [6] [7] [8] . The production of secondary metabolites from undifferentiated plant cell cultures has been intensively studied [7] . However, very few compounds have been commercially manufactured in vitro. Several strategies have been employed to enhance the production of desired phytochemicals from cultured cells, e.g., genetic engineering (which maximizes certain biochemical pathways at the expense of others), the selection of fastgrowing cell clones that display high metabolic activity, modification of culture media, and the use of elicitors to stimulate desired pathways [7, 8] . However, certain secondary products with commercial value, such as monoterpenes and other EOs, are not produced by callus cultures or cell suspension cultures [9] . Such cultures lack the complex tissue and organ differentiation found in intact plants [10] . On the other hand, micropropagated plants, the normal sites of secondary metabolism in nature, easily produce commercially desirable secondary metabolites in vitro [8, 10, 11] . In the mint family (Labiatae), EOs are synthesized primarily in leaf epidermal cells and stored primarily in glandular leaf trichomes [12] . These glandular trichomes are present on the leaf surfaces of tissue culture plantlets and readily produce volatile Eos [11, 13] . The effects of growth regulators on EO production are highly variable. Variations in EO yield or content are often observed. Chemical changes are caused by some growth regulators but not by others. In view of the ability of growth regulators to influence plant growth and development, physiological and biochemical processes, and even gene regulation, there are very many ways in which applications of these compounds can potentially alter EO production [14] .
Methods for enhancing the growth of economically important plant species undergo constant evolution and improvement. In the case of mint, a number of growth media have been screened for suitability for shoot and root induction and for rapid development and propagation in vitro [4, 5, 7] . In contrast, no information is available regarding the composition of EOs in regenerated in vitro clones of M. piperita. We report here the effects of the growth regulators 4-indol-3-ylbutyric acid (IBA; an auxin), 6-benzylaminopurine (BAP; a cytokinin), and their combination on the growth, morphogenesis, and secondary metabolism of M. piperita plants micropropagated in vitro.
Experimental

Plant Material and in Vitro Regeneration
Young shoots from M. piperita plants grown in the Traslasierra Valley (Córdoba province, Argentina) were surface disinfected by soaking for 1 min in 17% sodium hypochlorite solution and rinsed 3X in sterile distilled water. The disinfected shoots were cultured in 100 mL of BM consisting of Murashige and Skoog [15] salts plus 0.7% (w/v) agar and 1.5% (w/v) sucrose [16] . All culture media contained 7.5 g/L agar and 30 g/L sucrose.
Stage I. Initial shoot tip culture. After 30 days, apical meristems with foliar primordia that did not show contamination were removed aseptically from the terminal buds of shoots obtained as described above. Explants were cultured in 40 mL BM in test tubes.
Stage II. Growth and in vitro multiplication. Plantlets obtained from shoot tips were multiplied by single node culture, and the pH of the BM was adjusted to 5.6 -5.8 prior to autoclaving (20 min, 121˚C). Explants were placed in a growth chamber with controlled conditions of light (16/8 h light/dark cycle), temperature (22˚C ± 2˚C), and relative humidity (~70%) [16] .
Stage III. Treatment with growth regulators. Single nodes from aseptically cultured plantlets were placed in glass vials (100 mL) in 40 mL BM with five growth regulator supplementation treatments: 1) BAP 0.6 mg/L; 2) IBA 0.6 mg/L; 3) BAP 0.3 mg/L; 4) BAP 0.6 mg/L + IBA 0.6 mg/L; 5) control (BM only). The vials were sealed with translucent polypropylene caps, arranged in a completely randomized design, and placed in a growth chamber with controlled conditions as described for Stage II. At least 7 plants were used for each treatment. Plants were harvested after 30 days.
Plant Growth Measurement
Plants were removed from the vial after 4 weeks of culture, and the roots were rinsed with water to remove BM. For each treatment, the plants were evaluated in terms of growth (shoot length and fresh weight, root length and dry weight), morphogenesis (numbers of leaves, nodes, and ramifications), and production of secondary metabolites. The shoot fresh material was weighed and kept in the freezer until the hydrodistillation.
Extraction of EOs
Each shoot sample was weighed, subjected to hydroidstillation in a micro Clevenger-like apparatus for 30 min, and the volatile fraction was collected in dichloromethane [16] . The internal standard used was 0.1 μL dodecalactone in 50 μL ethanol.
M. piperita plants contain ~3% volatile oils, consisting of >40 different compounds. The four major EO components, which account for ~60% of the total oil volume, are (+)pulegone, (−)menthone, (−)menthol, and (+)menthofuran. These compounds were quantified in relation to dodecalactone, which was added during the distillation procedure. The FID response factors for each compound generated essentially equivalent areas (difference < 5%).
The identification of the components of the sample was performed by GC-MS. A Perkin-Elmer Clarus 600 GC-MS coupled with a quadrupole analyzer and photodiode detector was employed for the identification. Turbo Mass software was used to control and acquire data from the GC-MS. A capillary column DB-5 (60 m 0.25 mm i.d. and 0.25 m coating thickness) was used for the separation of the components. Helium was used as carrier gas at 49.6 psi. The temperature program was 60˚C for 5 min, from 60˚ to 250˚C at 4˚C/min, with a final hold time of 10min. The injector and detector were maintained at 250˚C and 280˚C, respectively. The sample, 0.2 μL, was injected with a 1:100 split ratio.
Ionization was carried out in the mass spectrometer under vacuum by electron impact with a 70-eV ionization energy. The GC transfer line was maintained at 200˚C. Chromatograms were acquired in "scan" mode scanning the quadrupole from m = z 50 to m = z 300 (scan time: 0.2 s, inter-scan time: 0.1 s).
Retention indices of the sample components were determined on the basis of homologous n-alkane hydrocarbons under the same conditions. The compounds were identified by comparing their retention indices and mass spectra with published data [16] and libraries NIST and Adams. The main components were further identified by coinjection of authentic standards (SIGMA, USA).
GC analysis was performed using a Perkin Elmer Clarus 500. Total Chrom v.6.3.1 software was used to control and acquire data from the GC. All the separations were conducted through a Alltech fused silica DB 5 capillary column (30 m, 0.25 mm ID, 0.25 µm film thickness) using nitrogen as a carrier gas (49.6 psi). The split injection mode was selected. Samples were analyzed using the following Chromatographic conditions: oven temperature program: initial temperature 60˚C (held for 5 min), 5˚C/ min to 240˚C (held for 10 min). An injector and detector temperature of 250˚C was used.
Statistical Analysis
7 plants were used for each treatment, and experiments were replicated 3 times. For the statistical analysis were used the means values from the 7 plants (each replica; we do not pooled the samples of different replicates into one treatment).Values presented were means of repeated experiments. The statistical analysis of the data was based on analysis of variance (ANOVA). Differences among means were evaluated by Fisher's least significant difference (LSD) test (P < 0.05 considered significant) using Infostat software program version 2011 (Group Infostat, Universidad Nacional de Córdoba, Argentina). The data presented as percentages were subjected to arcsine transformation before analysis and then converted back to percentage form for presentation.
Results
The growth of micropropagated M. piperita was greatly affected by the application of growth regulators. Root dry weight was 3-fold higher in plants grown with IBA, BAP, or IBA + BAP than in controls (plants grown in basal medium [BM]) or plants grown with 50% IBA (P < 0.005). Root length was decreased by all treatments expect BAP, for which the values were similar to those of controls (P < 0.005). Shoot weight was increased 30% by IBA and IBA + BAP treatments and decreased 50% by BAP and 50% IBA treatments (P = 0.01), compared with control values. Shoot length was increased ~40% by BAP, IBA, and IBA + BAP treatment compared with control and 50% IBA treatment (P = 0.04) (Table 1(a) ). Plant morphogenesis was also altered by the application of the regulators. The numbers of leaves, nodes, and ramifications for plants treated with 50% IBA were not significantly different from control values. In contrast, the numbers of leaves and nodes were higher than control values in plants treated with IBA, BAP, or IBA+BAP (n˚ leaves, P < 0.005; n˚ nodes P < 0.001), the highest leaves and node numbers was obtained on medium containing BAP increasing 50% and 250% respectively (Table 1(b) ).
The EO yield in plants treated with IBA or with IBA + BAP was not significantly different from that in controls but was increased ~45% in plants treated with BAP (P < 0.001). (Figure 1) . Similar trends were observed for the concentrations of the major EO components: (+)pulegone, (−)menthone, (−)menthol, and (+)menthofuran. BAPtreated plants showed an approximately two-fold increase in menthone concentration and a three-fold increase in menthol and pulegone concentrations compared with control values (P < 0.001) (Figure 1) . Treatment of plants with IBA or with 50% IBA did not cause significant changes in concentrations of the major EO components (P < 0.05). Treatment with cytokinin BAP altered the relative percentages (R%) of EOs ( Table 2 ). The R% for pulegone, the primary EO component, for menthone and for menthol was approximately two-fold higher in BAPtreated plants than in controls (P < 0.001). The R% for menthofuran were also two-fold higher in BAP and IBA treated plants than in controls (P < 0.001).
Discussion
Plant hormones comprise a structurally unrelated group of small molecules that are derived from various essential metabolic pathways. Recent studies have demonstrated the interaction of hormone signaling at multiple levels during plant growth and development. Cytokinins are a type of plant hormones that play many essential signaling roles in plant growth and development. The application of the cytokinin BAP to micropropagated M. piperita plants produced a three-fold increase in root dry weight and increases in shoot length, node number, and leaf number. Shoot fresh weight was significantly smaller in these plants than in controls, perhaps because the leaves were smaller and the shoots were thinner. Cytokinins are known to be involved in the regulation of cell division, shoot and root development, apical dominance, and growth of lateral buds [17] . The great increase in ramification number observed in BAP-treated plants reflected the suppression of apical dominance and was consistent with the finding of Hafiz et al. [18] that the exogenous application of cytokinin increased the lateral branching of Jatropha curcas plants maintained in greenhouses.
The treatment of plants with auxin (IBA 0.6 mg/L) increased root dry weight because of lateral root formation through repetitive cell division, similar to the finding of Liu et al. [19] . IBA treatment also increased shoot length and fresh weight because of increases in the numbers of leaves and nodes. The effective concentration of IBA in studies of this type is dependent on the pH of the medium [20] . At pH values of 5.6 -8.8, the IBA concentrations in the medium were lower and insufficient to induce root and shoot development.
In regard to morphogenesis, the combination of BAP had the greatest overall effect on micropropagated plants, producing notable increases in the numbers of leaves, nodes and ramifications.
The response to particular elicitors may vary from plant to plant; a single plant hormone may regulate a wide range of physiological and growth processes. On the other hand, a particular process may be regulated by the action of many plant hormones. The effects of growth regulators on EO production in in vitro culture systems are highly variable. Changes were observed in the yield or content of EOs. Chemical changes were noted in some cases but not in others. In view of the fact that growth regulators influence plant growth and development through their effects on physiological and biochemical processes and even gene regulation, there are a great number of ways in which application of these compounds may alter secondary metabolite production [14, 21, 22] . Growth regulators can influence EO biosynthesis and the formation and development of storage structures. In Arabidopsis, cytokinins stimulate trichome initiation, with consequent increases in trichome numbers and densities [23] . The findings of the present study of M. piperita appear to be somewhat inconsistent with the previous findings of Farooqui and Sharma [24] , who observed increases in the biomass and EO yield of M. arvensis L. var. piperascens Mal following cytokinin treatment. We observed an increase in EO yield, may be due to an increment in increases in trichome numbers [23] , but not in fresh weight. In a study of Thymus mastichina by Fraternale et al. [25] , BAP treatment resulted in increases in EO production and the density of glandular hairs on leaves. These authors suggested that cytokinins affect glandular hair development, although no direct correlation was demonstrated. In our experiments, cytokinin treatment caused a reduction in biomass even though the EO yield was increased. IBA-treated plants displayed a general increase in biomass because shoot length was greater and the number of leaves was approximately two-fold higher than in controls; however, these changes were not associated with increased EO production.
The combination of IBA + BPA did not greatly change he production of plant secondary compounds in comt increase in R% value is due to an increase in the absolute content of a particular component or to decreases in the contents of other components. In the present study, however, we were able to confirm that the increases in R% values of the four major EO components were due to decreased concentrations of minor compounds (α-and β-pinene, limonene, α-terpinene, p-cineole, α-terpineol, etc.) because the absolute contents of the major components were higher in treated plants. Plant growth depends heavily on protein synthesis for the manufacture of photosynthetic, biosynthetic, and regulatory enzymes, and structural proteins [26] . Secondary metabolism (EO synthesis) competes with primary growth processes for common substrates such as sugars and proteins. When environmental conditions are favorable, vegetative growth (primary metabolism) generally displays resource priority over secondary metabolism [26] . In the present study, however, when abundant resources (BM + cytokinins) were provided, increased growth and morphogenesis responses occurred without any reduction in secondary metabolism. These findings appear to be inconsistent with the carbon nutrient theory, which states that in situations in which plants have access to excess carbon and nutrients, optimal growth occurs with a corresponding suppression of secondary metabolism [26, 27] . Our findings indicate that the content of volatile EOs can be significantly altered in the leaves of plantlets using micropropagation systems with the addition of a growth regulator. The use of micropropagated plantlets for the production of secondary metabolites is a promising approach for future commercial applications.
Growth regulators have been used in agriculture for decades, but little is known regarding the effects of these compounds on the production of secondary metabolites [3, 9, 22, 28] . In the present study, addition of BAP to the BM used for micropropagation of M. piperita effectively increased plant growth and EO production without altering EO composition. This approach increased the yield of important EO components, apparently by inducing the biosynthesis of secondary metabolites.
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